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ABSTRACT
The angular correlation function of the background shear-foreground galaxy distribu-
tion probes the three dimensional cross power spectrum between mass and galaxies.
The same cross power spectrum is also probed when foreground galaxy distribution is
cross-correlated with a distribution of background sources disjoint in redshift space.
The kernels that project three dimensional clustering to the two dimensional angular
space is different for these two probes. When combined, they allow a study of the
galaxy-mass cross power spectrum from linear to non-linear scales. By inverting the
background shear-foreground galaxy correlation function measured by the Sloan Dig-
ital Sky Survey, we present a first estimate of the cross power spectrum between mass
and galaxies at low redshifts.
Key words: cosmology: observations — gravitational lensing
1 INTRODUCTION
The current and upcoming wide field imaging data, such as
from the Sloan Digital Sky Survey, allow detailed studies
on the angular clustering of galaxies and quasars (see, e.g.,
Dodelson et al. 2001; Scranton 2002). In addition to such
studies, these data also allow investigations related to the
cross clustering between galaxies and mass. With the so-
called galaxy-galaxy lensing (Blandford et al. 1991; Bartel-
mann & Schneider 2002 for a recent review), one measures
the correlation between foreground galaxies and the back-
ground shear surrounding these galaxies. This results in a
measuremnt of the correlation between foreground galaxies
and the dark matter distribution traced by these galaxies.
Under the assumption that a single galaxy reside in each
dark matter halo, one can use the observed correlation func-
tion to constrain some physical properties of halos (Fischer
et al. 2000). Alternatively, more detailed, and increasingly
complicated, models can also be introduced such that one
takes in to account the fact that more than one galaxy may
be present in dark matter halos at the high end of the mass
function (Guzik & Seljak 2001, 2002).
In addition to the background shear-foreground galaxy
correlation function, the cross-correlation function between
a sample of foreground galaxies and background sources,
such as quasars, also probe the same galaxy-dark matter
cross power spectrum (Moessner et al. 1997). This correla-
tion results from the fact that number counts of background
galaxies are affected by lensing magnification via the inter-
vening dark matter distribution traced by foreground galax-
ies.
In this letter, we will briefly consider complimen-
tary properties of these two lensing probes of the same
galaxy-mass cross power spectrum. The foreground galaxy-
background source correlation and the foreground galaxy-
background shear correlation have unique properties in that
they probe two different regimes of the galaxy-dark mat-
ter cross-power spectrum. We will describe this difference in
terms of the kernel involved with the projection of three di-
mensional clustering to the two dimensional angular space.
Finally, we will estimate the cross power spectrum between
galaxies and mass by inverting the published galaxy-shear
correlation function from the Sloan Digital Sky Survey.
When necessary, we will illustrate our results using the
currently favored ΛCDM cosmology with Ωm = 0.35 and
ΩΛ = 0.65 and use inputs, such as the redshift distribu-
tions necessary for inversions, from published results in the
literature.
2 SHEAR-GALAXY CORRELATION
As briefly discussed earlier, the shear-galaxy correlation
function can be constructed by correlating tangential shear
of background galaxies surrounding foreground galaxies.
The assumption is that these foreground galaxies trace the
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mass distribution responsible for weak lensing of background
sources. To derive the associated correlation function, it is
useful to first consider the relation between mean tangential
shear, 〈γt(θ)〉, and convergence:
〈γt(θ)〉 = −
θ
2
dκ¯(θ)
dθ
, (1)
where κ¯(θ) is the mean convergence within a circular ra-
dius of θ (Kaiser & Squires 1993). The foreground sources
are assumed to trace the dark matter distribution and one
can write fluctuations in the foreground source population,
δNf (nˆ), as
δNf (nˆ) =
∫
drW galf (r)δg(nˆ, r) , (2)
where W galf (r) is the normalized distribution of foreground
galaxies in radial coordinates with comoving radial distance
given by r, while δg is the fluctuation in the galaxy density
field.
Since the shear, averaged over a circular aperture, is
correlated with foreground galaxy positions, one essentially
probe the galaxy-mass correlation. We write under the Lim-
ber approximation (Limber 1954) using Fourier expansion
of equation (2) as
κ¯(θ) =
∫
drW lens(r)W galf (r)
∫
kdk
2π
Pgδ(k)
2J1(kdAθ)
kdAθ
, (3)
where Pgδ(k) is the cross power spectrum between galaxies,
g, and dark matter, δ. Here, dA is the comoving angular
diameter distance and W lens(r) is the window function as-
sociated with lensing
W lens(r) =
3
2
Ωm
a
(
H0
c
)2 ∫ r0
r
dr′
dA(r)dA(r
′ − r)
dA(r′)
W galb (r) . (4)
Following equation (1) and Guzik & Seljak (2001), we can
write the mean tangential shear involved with background
shear-foreground galaxy distribution as
〈γt(θ)〉 =
∫
drW lens(r)W galf (r)
∫
kdk
2π
Pgδ(k)J2(kdAθ) . (5)
This correlation function has now been measured, and
well studied, with Sloan data (Fischer et al. 2000; Guzik
& Seljak 2001, 2002). We will present the first inversion of
this correlation function to estimate Pgδ in section 4 of this
letter.
3 FOREGROUND-BACKGROUND SOURCE
CORRELATION
The second observational probe of the galaxy-mass correla-
tion function comes from clustering of background sources
around foreground objects. Here, one constructs a cor-
relation function by simply cross-correlating the surface
density of background objects, such as quasars (Dolag &
Bartelmann 1997; Norman & Impey 2001) or X-ray sources
(Cooray 1999), with a sample of foreground galaxies. The
dependence on the correlation comes from the fact that fore-
ground sources trace the mass density field which can po-
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Figure 1. The foreground galaxy-background shear correlation
function as measured by the Sloan Digital Sky Survey (Fischer
et al. 2000) in the r′ band with a magnitude range of 16 to 18
for foreground galaxies. For comparison, we show ahalo model
prediction for this correlation with a solid line. In addition to
such direct comparisons based on model calculations, the data
can be inverted to estimate the underlying cross power spectrum
between galaxies and mass in a model independent manner.
tentially affect the number counts of background sources by
the weak lensing magnification effect.
To understand this correlation, we can consider a sam-
ple of background sources whose number counts can be writ-
ten as
N(s) = N0s
−α (6)
where s is the flux and α is the slope of number counts⋆. Due
to lensing, when the amplification involved is µ, one probes
to a lower flux limit s/µ while the total number of sources
are reduced by another factor µ; the latter results from the
decrease in volume such that the total surface brightness is
conserved. Thus, in the presence of lensing, number counts
are modified to
N(s) = N0s
−αµα−1 . (7)
In the limit of weak lensing, as more appropriate for
the large scale structure, µ ≈ (1 + 2κ) where κ is the con-
vergence. This allows us to write fluctuations in background
number counts, δNb(nˆ), in the presence of foreground lens-
ing as (Moessner et al. 1997)
δNb(nˆ) = 2(αb − 1)κ(nˆ)
⋆ Similarly, we can describe this calculation with counts based
on magnitudes instead of flux. In that case, one should replace α
with 2.5αm where αm = dlogN(m)/dm; the logarithmic slope of
the magnitude counts
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Figure 2. The kernels involved with the projection of three
dimensional galaxy-mass cross power spectrum to the two di-
mensional galaxy-shear correlation (with a J2; solid lines) and
the foreground-background galaxy correlation (with a J0; dotted
lines). We show kernels for three fixed values of angular scales,
θ, projected at the same angular diameter distance. Note that
the galaxy-shear correlation kernel extends to larger wave num-
bers than the kernel associated with the galaxy-galaxy correla-
tion. Also, the galaxy-shear correlation kernel is sharply peaked
allowing a better behaved inversion than in the case with the
simple galaxy correlation function.
= 2(αb − 1)
∫
drW lens(r)δ(nˆ, r) , (8)
where the lensing weight function integrates over the back-
ground source population following equation (4). As before,
since foreground galaxies trace the distribution of dark mat-
ter responsible for lensing, we can write the correlation be-
tween foreground and background sources as
wfb(θ) =
2(αb − 1)
∫
drW lens(r)W galf (r)
∫
kdk
2π
Pgδ(k)J0(kdAθ) ,
(9)
where we have simplified using the Fourier expansion of
equations (8) and (2), and have introduced, again, the
galaxy-mass cross power spectrum.
Note that in the case where foreground and background
sources are not distinctively separated in radial coordinates,
or equivalently in redshift space, there may be an additional
correlation resulting from the fact that background sources
trace the same overlapping density field in which foreground
sources are found (Moessner et al. 1997). This leads to a clus-
tering term that is proportional to the cross power spectrum
between foreground source sample, galaxies in this case, and
the population of background sources. This clustering com-
ponent usually becomes a source of contamination for the
detection of background source-foreground galaxy correla-
tion due to weak lensing alone.
Returning to lensing aspects of the two correlation func-
tions, it is now clear how they probe the galaxy-mass cross
power spectrum:[
〈γt〉
wfb
]
(θ) =
∫
∞
0
k dk Pgδ(k, z = zm)
[
Kγ(kθ)
Kκ(kθ)
]
(10)
where kernels, Ki, involved with galaxy-shear, i ≡ γ, and
galaxy-source correlations, i ≡ κ, are respectively
Kγ(kθ) =
∫
dr
2π
W lens(r)W gal(r)J2(kdAθ)
Kκ(kθ) = 2(αb − 1)
∫
dr
2π
W lens(r)W gal(r)J0(kdAθ) .
(11)
In addition to a factor of 2(αb − 1) in Kκ(kθ), which is an
overall normalization, the two kernels are distinctively differ-
ent due to differences in Bessel functions involved with the
projection; A J0 and a J2 in the galaxy-source and galaxy-
shear correlations, respectively. Thus, one expects these two
probes to be sensitive to different physical scales, or in
Fourier wave-number k, of the three dimensional galaxy-
mass cross power spectrum at the same projected angular
scale, θ.
We illustrate the difference between these two ker-
nels in figure 2. For illustration purposes, we take a red-
shift distribution of foreground sources of the form n(z) ∝
(z/z0)
2 exp[−(z/z0)
3/2] with a median redshift, z0/1.412, of
0.2. The background sources are taken to be at a redshift of
0.5 with αb = 2. As shown in figure 2, due to the behavior
associated with J2, the tangential shear-foreground galaxy
correlation function probes smaller scales, or larger k’s in
terms of wave numbers than the foreground-background cor-
relation which depends on a J0.
Thus, for reasonable angular scales of interest, the
shear-galaxy correlation is more sensitive to non-linear as-
pects of the galaxy-mass cross power spectrum. This is also
the reason why in the so-called halo models, the one halo
contribution can be used to describe shear-galaxy correla-
tion adequately. The two-halo term, which describes the
clustering between halos and proportional to the linear
power spectrum, does not make a significant contribution
to the shear-galaxy correlation even at large angular scales.
The same dependence also makes the shear-galaxy corre-
lation a strong probe of dark matter halo properties. The
foreground galaxy-background source correlation, however,
allows a probe at large and linear scales. This is consistent
with the fact that a simple galaxy-galaxy correlation func-
tion involves both large scale clustering contribution at large
angular scales and the non-linear contribution at small an-
gular scales.
When combined, shear-galaxy and galaxy-source corre-
lations can potentially be used to study the cross power spec-
trum between galaxies and mass over a wide range in physi-
cal scale from linear to the non-linear regime. We highly rec-
ommend a combined study of the two weak lensing probes
using the same sample of foreground galaxies and, poten-
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Figure 3. The galaxy-mass cross power spectrum based on an
inversion of the Sloan’s galaxy-shear correlation function (boxes)
as measured in Sloan’s r’ band. For comparison, the points with
error bars show an estimate for the galaxy power spectrum based
on Sloan’s two-dimensional clustering data again in the same r′
band but restricted to a magnitude range of 19 to 20.
tially, the same background source sample from which shear
measurements are made and which can be correlated directly
with the foreground galaxy distribution.
Note that the galaxy-mass cross power spectrum can
be written as Pgδ(k) = r(k)b(k)Pδδ(k), where Pδδ is the
non-linear dark matter power spectrum. Since the galaxy-
galaxy power spectrum is Pgg(k) = b
2(k)Pδδ(k), one can
use a combination of galaxy-shear, galaxy-source and fore-
ground galaxy-foreground galaxy correlations functions to
study galaxy bias, b(k), and its correlation, r(k), with re-
spect to the dark matter density field. This can clearly,
and easily, be carried out with current and future wide-field
imaging surveys, including the Sloan survey.
While the correlation function of these galaxies will give
information on Pgg , the lensing probes will provide necessary
information on Pgδ. Finally, information related to Pδδ(k)
will come from the background shear-background shear cor-
relation function. The current and planned surveys from in-
struments such as the MEGACAM and telescopes such as
the Large Synoptic Survey Telescope (Tyson & Angel 2001)
will allow a detailed study of the dark matter power spec-
trum. We recommend that these surveys also consider the
cross clustering measurements between galaxies and shear in
order to extract information on the galaxy-mass cross power
spectrum.
4 GALAXY-MASS CROSS POWER
As a first attempt at directly extracting the galaxy-mass
cross power spectrum, we can apply above discussion to
published measurements in the literature. In terms of the
tangential shear-galaxy correlation, the best results proba-
bly come from the Sloan Digital Sky Survey (Fischer et al.
2000). However, no published results are still available for
the background-foreground galaxy correlations from Sloan,
though initial work towards such a study is currently in
progress (Jain et al. in preparation). Similar work is also
in progress to cross correlate galaxy and quasar samples.
Thus, we will only consider the galaxy-shear correlation as
a probe of the galaxy-mass cross power spectrum here.
In figure 1, we compare measurements of this correla-
tion with a prediction based on the so-called halo model (see,
Cooray & Sheth 2002 for a recent review). Here, for simplic-
ity, we take a simple description for galaxy number counts as
introduced in Seljak (2000) and extended later in Guzik &
Seljak (2001). In calculating the expected correlation func-
tion, we have used the expected redshift distributions for
foreground and background galaxies in Sloan samples fol-
lowing Dodelson et al. (2001) and McKay et al. (2001). A
more thorough study of the weak lensing shear-galaxy cross-
correlation, under the halo model, is available in Guzik &
Seljak (2001). We focus on a model independent extraction
of the galaxy-mass cross power spectrum here.
In order to invert the above correlation to estimate
the galaxy-mass power spectrum, we follow the approach
advocated in Dodelson et al (2001; see, also, Dodelson &
Gaztan˜aga 2000). This approach has been applied to an in-
version of the Sloan’s clustering results, mainly the correla-
tion function, w(θ), and the angular power spectrum, Cl, of
galaxies. We can write the associated inversion equation as
~d = K~P + ~n , (12)
where, in the present case, ~d is a vector containing the data
related to 〈γt(θi)〉 with an associated noise vector ~n andK is
a matrix containing kernels at each θi where the correlation
function is measured and at each ki for which cross-power
spectrum estimates are desired. The inversion problem in-
volves estimating ~P given other vectors and the matrix K.
Similar to the notation in Dodelson et al. (2001), the ma-
trix K differs from kernels defined in equation (11) due to
an additional factor of k dk. By appropriately renormalizing
equation (12) with noise, following Dodelson et al. (2001),
we consider the minimum variance estimate of the galaxy-
mass cross power spectrum.
We refer the reader to Dodelson et al. (2001) for de-
tails on this approach and illustrate our results in figure 3.
In the same figure, we also compare our estimate for the
galaxy-mass cross power spectrum with an estimate for the
galaxy-galaxy power spectrum in Sloan’s r′ band with mag-
nitudes between 19 and 20. While the redshift distribution
of galaxies in the shear-galaxy correlation and the galaxy-
galaxy correlation may be different, with a carefully selected
sample, it is likely that estimates on parameters such as
bias and correlations may eventually be possible. We do
not make detailed comparisons between Sloan’s galaxy-mass
and galaxy-galaxy power spectra for possible mismatches in
redshift as well as mismatches in magnitude ranges; While,
the foreground galaxy sample related to the galaxy-mass
cross power spectrum is between 16 and 18 in the r′ band,
c© 0000 RAS, MNRAS 000, 000–000
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estimates for the galaxy-galaxy power spectrum have only
been considered for galaxies with r′ ≥ 18 in Dodelson et al.
(2001).
There is, however, one significant difference between the
inversion in Dodelson et al. (2001) and the one performed
here. The difference, in fact, makes the inversion discussed
here more stable and reliable. As suggested, the kernel asso-
ciated with the shear-galaxy correlation involves a J2 which
is better peaked than that associated with a simple galaxy-
galaxy correlation, mainly a J0. Also, estimates of the power
are less correlated while, with a J0, one finds a significant
covariance matrix for power spectrum estimates. The same
is also true in the real space; Because of the broadness of the
J0, measurements of the galaxy correlation function are cor-
related (Eisenstein & Zaldarriaga 2000) while we do not ex-
pect this to be the case for the galaxy-shear correlation func-
tion. As shown in figure 2, another minor observation is that
the kernel associated with galaxy-galaxy correlation func-
tion, J0, extends to larger k with a decrease in the angular
scale of interest. This makes the simple galaxy-correlation
function monotonically increasing with decreasing angular
scale. This is not the case with the shear-galaxy correlation.
The function only increases at small angular scales due to
the additional dependence of k that integrates over kernels
shown in figure 2.
Even though an inversion of the galaxy-shear correla-
tion is better behaved than the one involving galaxy-galaxy
correlation, our estimate for the galaxy-mass power spec-
trum should be considered as preliminary. We have neglected
the covariance, though small, in the angular space between
data points. Though the associated kernel makes such cor-
relations substantially small, a proper accounting of the
covariance of measurements is clearly required. While no
knowledge is available on this aspect, it can eventually be
obtained through semi-analytical models such as the one
adopted to determine the covariance of galaxy correlation
function in Sloan or using data themselves (for e.g., Scran-
ton et al. 2001).
Also required for this analysis is the precise redshift
distribution of background and foreground galaxies. While
there is limited knowledge on this, with photometric data
calibrated based on spectroscopic observations, this is likely
to improve in the future. To keep contaminants small, it is
important that the two samples are disjoint in the redshift
space when estimating the foreground galaxy-background
source correlation function. We recommend that the mea-
surement of the shear-galaxy correlation be followed in
the future with a measurement of the foreground galaxy-
background galaxy correlation and a correlation of the fore-
ground galaxies themselves. A combined inversion of these
correlation functions will clearly improve our knowledge on
the cross clustering between galaxies and mass as well as
biasing properties of galaxies themselves. As more details
on Sloan’s lensing results become public, we will implement
such an approach in the future.
5 SUMMARY
We have discussed two probes of the cross power spectrum
between galaxies and mass which effectively use two as-
pects of weak lensing involving shearing of background im-
ages in one case and the magnification of background im-
ages in the other. The two probes, though similar in most
aspects, probe different physical scales of the galaxy-mass
cross power spectrum due to a subtle difference in the kernel
which projects three dimensional clustering to the observ-
able two-dimensional angular space. When combined, effec-
tively with the same sample of foreground galaxies whose
redshift distribution is known a priori, these two probes al-
low a study of the galaxy-mass cross power spectrum from
linear to non-linear scales.
While the galaxy-mass cross power spectrum provides
information on how galaxies are correlated with mass, the
galaxy-galaxy power spectrum provides information on bi-
asing. Thus, a complete study, which can be easily carried
out with imaging data such as from the Sloan survey is to
measure the angular correlation of foreground galaxies, and
associated lensing correlation functions discussed here. The
three functions can then be inverted in a consistent man-
ner to obtain much needed knowledge on galaxy clustering
relative to mass. As a first example of such an approach,
we have inverted the background shear-foreground galaxy
correlation function measured by the Sloan Digital Sky Sur-
vey and have provided a first estimate of the cross power
spectrum between mass and galaxies at low redshifts as ap-
propriate for Sloan sample of galaxies in the r’ band.
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